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(57) ABSTRACT 

A sensor for the detection and measurement of an analyte in 
a bioHuid. The sensor includes two enzymes. One type of 
sensor measures the concentration of hydrogen peroxide 
using a thermostable peroxidase enzyme that is immobilized 
in a redox hydrogel lo form a sen.sing layer on a working 
electrode. This sensor also includes a hydrogen peroxide- 
generating second enzyme which is in.sulaled from the redox 
hydrogel and electrode. This second enzyme generates 
hydrogen peroxide in response to the presence of an analyte 
or analyte-generated compound. The second enzyme may be 
insulated from the electrode by placement of an electrically 
insulating layer between the sensing layer and the second 
enzyme layer. 

Alternatively, the second enzyme Ls immobilized in an 
inorganic polymeric matrix, preferably made using a sol-gel 
polymerization process. Such matrices include those made 
of silica. Often, the second enzyme is stabilized by immo- 
bilization in a sol-gel. Further stabilization of polyelectro- 
lytic enzymes can be obtained by immobilizing the enzyme 
with a polyelectrolytic polymer in the sol-gel matrix. 

20 Claims, 20 Drawing Sheets 
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ELECTROCHEMICAL ANALYTE SENSORS 
USING THERMOSTABLE SOYBEAN 
PEROXIDASE 



application under 37 
CFR §1.53(b) of Ser. No. 09/291,230, filed on Apr. 13, 1999, 
now aiiandoned, which is a continuation of U.S. patent 
application Ser. No. 08/798,596 filed on Feb. 11, 1997, U.S. 
Pat. No. 5,972,199, which is a continuation-in-part of U.S. 
patent application Ser No. 08/540,789 filed Oct. U, 1995, 
U.S. Pat. No. 5,665,222, which application(s) are incorpo- 
rated herein by reference. 

FIELD OF THE INVENTION 



intermittently, measuring biochemicals in body fluids with 
less than 10% loss of sensitivity in more than 100 hours of 
operation are described herein. The inventive sensors are 
relatively insensitive to electrooxidizable interferants, 
including ascorbate and acetaminophen. 

The sensors of the invention include at least two enzymes, 
a thermostable peroxidase, such as soybean peroxidase, and 
a peroxidase-generating enzyme. In a preferred 
embodiment, redox centers of a thermostable peroxidase are 
electroreduced by electrons transported from a working 
electrode through a redox hydrogel in which the thermo- 
stable peroxidase is immobilized, preferably at a potential 
negative of 0.4 V versus the standard calomel electrode 
(SCE) and positive of -0.15 V (vs SCE). Most preferably. 
The present invention relates to thermostable analyte 15 the thermostable peroxidase is coated on the electrode at a 
More particularly, the invention relates to electro- potential near O.OV (vs SCE). 

The preferred redox hydrogel corapri.ses at least 20% by 
weight of water when in contact with a fluid to be assayed, 
and its redox centers are not leached by the assay fluid at 37° 
C. Non-leachablc redox centers are bound to a polymer that 
forms the hydrogel upon water uptake. Preferably, the 
binding to the polymer is through covalent, electrostatic/ 
ionic, or coordination bonds. 

The redox centers of the peroxide-generating enzyme are 
preferably electrically insulated from the electrode, from the 
redox centers of the thermostable peroxidase, and from the 
redox centers of the redox hydrogel. The electrically 
insulated, peroxide-generating enzyme catalyzes reaction of 
a biochemical analyte, e.g., glucose or lactate, or a product 
of the analyte, with molecular oxygen. In the oxidation 
reaction, oxygen is reduced to hydrogen peroxide (H^OJ. 

The hydrogen peroxide-generating enzyme is preferably 
stabilized in a matrix. The preferred stabilizing matrices are 
macromolecular and inorganic. The most preferred matrices 
include silicon atoms, at least 50% of wMch are covalently 
linked to neighboring oxygen atoms, which are formed into 
a three-dimensional, crosslinked network. Such matrices can 
be made using a sol-gel polymerization process. The stabi- 
lizing matrix optionally includes a second polymer, which 
functions to further stabilize the insulated, peroxide- 
generating enzyrne. 

The peroxide-generating enzyme is preferably positioned 
behind or immobilized in a polymer that is at least tenfold, 
and preferably at least 100-fold, more permeable to oxygen 
than is the biochemical analyte to be measured. Examples of 
such polymers include silicone rubbers, produced by cross- 
linking a poly(dimethyl siloxane) derivative and cellulose 



chemical sensors for the measurement of bioanalyles such as 
glucose and lactate. The inventive sensors include a ther- 
mostable peroxidase, such as soybean peroxidase, disposed 
on an electrode in a redox-compound-containing film. The 20 
sensor further includes a hydrogen peroxide-producing 
enzyme. The inventive sensors, for example in the measure- 
ment of blood glucose or lactate, operate for five days or 
more at 37° C, losing less than 10% of their sensitivity 
during continuous or intermittent operation. 25 
BACKGROUND OF THE INVENTION 
The assay of biochemical.s, such as glucose and lactate, is 
important in medicine, biotechnology, and food processing 
(dairy and wine). Monitoring of glucose concentrations in 30 
fluids of the human body is of particular relevance to 
diabetes management. Monitoring of lactate in fluids of the 
human body is of relevance to diagnosis of trauma, of 
myocardial infarction, congestive heart failure, pulmonary 
edema, septicemia, hemorrhage, and others. Blood lactate 35 
levels above 7-8 mM are indicative of a fatal outcome. 
Bedside analyzers of lactate are useful in determining the 
response of patients to treatment, while in accidents and 
battle, they are useful in triage. Glucose assays are common 
in . clinical practice and are applied in the diagnosis of 40 
Diabetes Mellitus and its management. Continuously or 
intermittently operating gluco.se .sensors, including sensors 
implanted in the human body, are sought for the manage- 
ment of Type I diabetes, for example, for warning of 
imminent or actual hypoglycemia and its avoidance. 45 
Hypoglycemia can be fatal. For maintenance of diabetic 
patients at or near normal blood glucose levels, frequent or 
continuous monitoring of glucose is needed. Today, most 
Type 1 diabetic patients maintain their blood glucose at 
higher than normal levels, so as to reduce risk of fatal 50 
hypoglycemia. This is undesirable, as maintenance of higher 
than normal blood glucose levels has been shown to be a 
leading cause of blindness, kidney failure, neuropathy, and 
other complications of diabetes. It would, therefore, be 
useful to provide a glucose sensor that operates continuously 55 
or intermittently for a prolonged period of time to measure 
glucose in body fluid at 37° C. without substantial loss of 
sensitivity. 

The present invention discloses material, structures, and 
methods enabling continuous operation of electrochemical 6" 
sensors, for example, measuring glucose for more than one 
week or measuring lactate for more than 100 hours, with less 
than 10% loss in sensitivity. 

SUMMARY OF THE INVENTION ^5 

Novel electrochemical sensors are presented, some of 
which are capable of operating at 37° C. continuously or 
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BRIEF DESCRIPTION OF THE FIGURES 

the drawings, wherein like reference 



nd letters indicate corresponding structure 
throughout the several views and where Examples 2-12 are 
for sensors described in Example 1: 

FIG. 1 is a graph showing the dependence of current 
density on the weight fraction of the thermostable peroxi- 
dase in the sensing layer at 60 fxg cm"^ loading (16 mM 
glucose, 1000 rpm, 37° C, pH7.3, in air, O.OOV (SCE)); 

FIG. 2 is a graph showing the dependence of the elec- 
troreduction current density on the GOx loading (16 mM 
glucose, 1000 rpm, 37° C, pH7.3, in air, O.OOV (SCE)); 

FIG. 3 is a graph showing the dependence of the calibra- 
tion curves on the thickness of the cellulose acetate layer 
between the sensing layer and the immobilized glucose 
oxidase film. (A) 4 /<1, (B) 8 fiX, and (C) 28 (A of 0.25% 
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cellulose acetate (16 mM glucose, 1000 rpm, 37° C. pH7.3, 
in air, O.OOV (SCE)); 

FIG. 4 is a graph showing the potential dependence of the 
current density for a glucose sensor according to Example 4 
(5 mM glucose, 1000 rpm, 37° C, pH7.3, in air, O.OOV 
(SCE)); 

FIG. 5 is a graph showing the dependence of the current 
density on the di,s.solved oxygen concentration, according to 
Example 5 (1000 rpm, 37° C, pH7.3, in air, O.OOV (SCE)), 
(A) 5 mM glucose, (B) 5 mM lactate); 

FIG 6 is a graph showing the dependence of current 
density on the concentration of NaCl (1000 rpm, 37° C, 
pH7.3, in air, O.OOV (SCE)), (A) 5 raM glucose, (B) 5 mM 
lactate); 

FIG. 7A and FIG. 7B are graphs showing the dependence 
of current density on pH, 

FIG. 7 A shows data for 5 mM glucose; 

FIG. 7B shows data for 5 raM lactate (1000 rpm, 37° C, 
pH7.3, in air, O.OOV (SCE)); 

FIG. 8 is a graph showing the dependence of current 
density on the angular velocity (37° C, pH7.3, in air, O.OOV 
(SCE)), (A) SM glucose, (B) 5 mM lactate); 

FIG. 9A and FIG. 9B are graphs showing the dependence 
of current density on temperature. 

FIG. 9A shows data for 5 raM glucose; 

FIG. 9B shows data for 5 raM lactate (1000 tpra, pH7.3, 
in air, O.OOV (SCE)); 

FIG. lOA and FIG. lOD are graphs showing the stability 
of thermostable peroxidase-based glucose and lactate sen- 
sors at different oxidase loadings: Figure (a) 1.3 fig; (b) 13 
fig; (c) 26 fig; (d) 52 fig of immobilized glucose oxidase 
(HG. lOA); (a) 20 fig; (b) 40 fig; (c) 96 fig; (d) 160 fig of 
immobilized lactate oxidase (FIG. lOB) (1000 rpm, 37° C, 
pH7.3, in air, O.OOV (SCE)); 

FIG. 11 is a graph showing glucose calibration curves 
before and after 280 hours of operation at 37° C. in the 
stability study of Example 8, (A) 26 fig GOx before stability 
experiment; (B) 26 fig GOx after stability experiment; (C) 



FIG, 18B is a diagrammatic representation of an electrode 
with a sensing layer. 

FIG. 19 is a diagrammatic representation of a sensing 
layer of a biosensor of the invention; 

FIG. 20 is a diagrammatic representation of a two-layered 
sensing layer of a thermostable biosensor of the invention; 

FIG. 21 is a diagrammatic representation of a three- 
layered sensing layer of a thermostable biosensors of the 



GOx before stability experiment; (D) 1.3 fig GOx « ^'^^t^™'^ 
after itability experiment (1000 rpm, 37° C. pH7.3, in air, " -h>^tr»te tnr 
O.OOV (SCE)); 

FIG. 12 is a graph showing cyclic vohammograms of the 
glucose sensor before and after 280 hours of operation at 37° 
C; (A) after stability experiment; (B) before stability experi- 

FIG. 13 is a graph of the time dependence of lactate 
oxidase activity in solution at 63° C; 

FIG. 14A and FIG. 14B are graphs showing time depen- 
dence of lactate oxidase-doped silica gel powder activity at 
63° C; FIGS. 14A and 14B(fl); PVl-lactate oxidase-doped 
silica gel, FIG. 14B(f)): lactate oxidase-doped silica gel; 

FIG. 15 is a graph showing time dependence of the 
activity of lactate oxidase in different environments at 50° 
C , (A) PVI-LOx-doped silica gel; (B) Lox-doped silica gel; 
(C) FVI-l Ox in .solution; (D) LOx m .solution; 

FIG 16 is a graph showing tune dependence of the 
activitv of glucose oxidase in different environments at 63° 
r (A), gluco,se oxidase in solution; (B) gluco.se oxidase- 
doped silica gel powder; the inset shows the short term 
behavior of (A); 

FKj 17 is a graph showing time dependence of PEl- 
lactate oxidasc-doped silica gel powder activity at 63° C., 
inset shows the short term behavior; 

FIG 18A is a diagrammatic representation of an elec- 



ts Referring to the drawings in general and FIGS. 18(a)-(f>) 
in particular, the sensors of the invention typically include a 
non-corroding working electrode 1 which is substantially 
covered by an insulator 2 having a recess 4 to allow 
electrolytic contact between an analyte-conlaining fluid and 

20 the working electrode 1. A film 3, having a plurality of 
layers, is positioned within recess 4. FIGS. 19-21 show 
three embodiments of film 3. In general, film 3 includes a 
.sensing layer 11, 21 and a .second enzyme layer 13, 24. Film 
3 may also contain one or more optional layers, such as an 

25 electrically insulating layer 12 between the sensing layer 11 
and second enzyme layer 13; an analyte-transport control- 
ling layer 14 to control the flow of analyte to the sensing 
layer 11; and a biocompatible layer 15, 25 for biocorapati- 
blity of the sensor in body fluids. 

30 Electrodes 

'ITie electrochemical sensors of the invention include at 
least two electrodes for contacting the electrolytic solution 
to be assayed. One of these electrodes is a working electrode 
1, which is made from non-corroding metal or carbon, A 
35 carbon working electrode may be vitreous or graphitic and 
can be made from a solid or a paste. A metallic working 
' electrode may be made from platinum group metals, includ- 
ing palladium or gold, or a non-corroding metahcally con- 
ducting oxide, such as ruthenium dioxide. ITie working 
I thin conducting lilm applied to 
sub.strate, for example, by coating or printing. 
Typically, only a portion of the surface of the raetalUc or 
carbon conductor is in electrolytic contact with the analyte- 
containing solution. This portion is called the working 
surface of the electrode. ITie remaining surface of the 
electrode is isolated from the solution by an insulator 2. 
Examples of useful insulators include polymers such as 
polyimides, polytetrafluoroethylene, polyhexafluoropropy- 
lene and silicones, also known as polysiloxanes. 

In addition to the working electrode, the sensors of the 
invention also include a reference electrode or a combined 
reference and counter electrode (also termed a quasi- 
reference electrode or a counter/reference electrode). The 
reference or counter/reference electrode may be, for 
example, a silver/silver chloride electrode. If the sensor does 
not have a counter/reference electrode then it wiU include a 
separate counter electrode, which may be made from the 
same materials as the working electrode. 

Sensors of the present invention have one or more work- 
ing electrodes and one or more counter, reference, and/or 
counter/reference electrodes. One embodiment of the sensor 
of the present invention has two or more working electrodes. 
These working electrodes may be integrally connected or 
they may be kept separate. 

Typically, for in vivo use the working electrodes of the 
present invention are implanted subcutaneously in the skin 
of a patient for direct contact with the body fluids of the 
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patient such as blood. When multiple working electrodes Examples of useful redox centers that can be bound to the 

are used they may be implanted together or at differem polymer of the sensing layer are descnbed m U.S Pat Nos. 

positions in the body. The counter, reference, and/or counter/ 5,264,104; 5,356,786; 5,262.035; and 5.320,725 herern 

reference electrodes may also be implanted either proximate mcorporated by reference. Typically the redox rnedrators 

o the working electrodes or at other positions within the 5 are metal complexes, particularly of osmmm ruthenium. 

It of the p^atien.. Mternativ^y, the counter, rcferenee ^ ::^1:[:^-:T^ ^^l^. 

and/or counter/reference electrodes may be placed on the ^ ^^^^^^^^ ^^^^^ ^^^V^^ ^^^^^^^^ ^^J^^^^ ^^p^j^ ^.^^ 

skin of the patient. ^^^j^ ^^^^^ example of the preferred redox centers are 

Sensing Layer osmium transition metal complexes with one or more 

The portion of the working electrode that is not insulated lO j.^^^^^ ^^^^^^ ^ nitrogen-containing heterocycle such as 

is coated with a sensing layer 3. The typical sensing layer 3 2,2'-bipyridine, 1,10-phenanthroline or derivatives thereof, 

of the sensors of the present invention includes a redox particular, it has been determined that osmium cations 

polymer which is capable of swelling in water to form a complexed with two ligands containing 2,2'-bipyridine, 

redox hydrogel. Sensing layer 3 also typically includes an i.lQ-phenanthrolinc, or derivatives thereof, the two ligands 

enzyme which is capable of catalyzing a reaction of the 15 not necessarily being the same, form particularly useful 

analyte or an analyte-generated compound. Preferably, that redox centers in the sensors of the present invention. Pre- 

cnzymc is immobilized in the redox polymer. In one ferred derivatives of 2,2'-bipyridine for complex formation 

embodiment of the invention, the sensor contains a peroxi- with the osmium cation are 4,4'-dimethyl-2,2'-bipyridine 

dase which is preferably a thermostable peroxidase such as and mono-, di-, and polyalkoxy-2,2'-bipyridines such as 

soybean peroxida.se. The peroxidase-containing hydrogel 20 4,4'-dimethoxy-2,2'-bipyridine, where the carbon to oxygen 

forms a sensing layer that transduces a flux of H^O^ into an ratio of the alkoxy groups is sufficient to retain solubility of 

electrical signal. 'he transition metal complex in water. . ^ . ^ ^ 

The redox polymer contains redox centers that are bound One u.seful group of redox polymers is derived from 

to the polymer by covalent, coordinative, or electrostatic poly(4-vinyl pyridine) and is made by complexing between 

bond.s- the latter resulting preferably from interactions of 2S one third and one fifteenth of the pyridine rings with 

charged sites of the polymer with an oppositely charged [Os(bpy)2Clf '^"^ where bpy is 2,2'-bipyridine, or with [Os 

redox species. Preferably, the redox mediator is co%'alently (phen)jCir'^* where phen is 1,10-phenanthrohnc, and 

or coordinatively bound to the redox polymer, although it where, preferably, some of the pyridine rings of the polymer 

may also be immobilized by entrapment or by electrostatic arc qualernizcd by reaction with 2-bromoethylaminc. Useful 

bonding 30 polymers are ako derived from poly-(N-vinyl imidazole) 

■Itie redox centers arc prelcral,lynon-lcachable. For redox (termed PVI). poly(acrylamide co-4-vinylpyridinc), and 

species electostatically bound to the polymer, the absence of poly(acrylamide co-4-vinylimidazole). 

leaching generally requires that the charged redox species To produce the inventive sensors, a hydrogen peroxide 

has, at the pH of the analyte solution. <i charge of at least two, sensing layer, containing a thermostable peroxida.se, is pre- 

and preferably three or more. For example, if the redox .w pared by the dropwisc mixing ot .solutions o1 the pcroxida.se, 

species is a cation, it preferably has at least a +2 charge, and the redox polymer, and a crosslinker on a clean electrode 

is preferably +3 or better. The greater the charge of the redox surface. These solutions are allowed to dry and cure. The 

species, the slower the leaching. Similarly, if the redox solutions may also be premixed. and a droplet of the 

species is an anion and the binding to the polymer is premixed solution may be placed on the electrode. An 

electrostatic, then it should have a -2 charge and is prefer- 40 example of a useful crosslinker is poly(ethylene glycol) 

ably -3 or better. Preferably, most of the redox centers (at diglycidyl ether with a molecular weight between 300 and 

lea.st about 90%) remain electrode-bound for at least 14 days 600, preferably 400 and 600. Another useful crosslinker is 

at 37° C. 'he bis N-hydroxysuccinimide ester of poly(ethylene 

The redox polymer is designed to swell in water and dilute glycol)-a,u-dicarboxylic acid, 

aqueous solutions. The water uptake should add at least 10 45 Second Enzyme Layer 

weight percent, and preferably 20 weight percent, to the A second enzyme layer 13 on the working electrode 

weight of the dry polymer. The ±ermostable peroxidase in catalyzes the reaction of O2 with a substrate whereby H^Oj 

the redox polymer layer is not substantially leached by water is produced. The substrate is generally the analyte to be 

or by a physiological buffer solution at 37° C. The redox assayed by the sensor. Alternatively, the substrate is a 

polymer layer containing the thermostable peroxidase can be SO reaction product of the analyte to be assayed, for example 

conveniently made, for example, as described by Gregg and the product of hydrolysis of the analyte. The second enzyme 

Heller, Phys. Chem. 95:5970 (1991), in U.S. Pat. No. used in layer 13 is also termed herein the peroxide- 

5,262,035, and in copending U.S. patent application Ser. No. generating enzyme. In the inventive sensors, the redox 

08/540,789, filed Oct. 11, 1995. centers of the peroxide-generating enzyme are prevented 

In general, the redox polymer contains redox centers that 55 from being reduced or oxidized directly by electron 

are stable and have a redox potential between about -0.1 V exchange with the redox polymer of the sensing layer, 

(vs SCE) and about +0.6V (vs SCE). The preferred range is Prevention of such oxidation or reduction is accomplished 

between about -O.IV (vs SCE) and about +0.4V (vs SCE). by methods discussed hereinbelow. 

Poising the electrode at a potential where O^ is not elec- First, prevention of oxidation/reduction of the peroxide- 

troreduced is desirable; otherwise the measured signal 60 generating (sec-ond) enzyme by the redox polymer can be 

resulting from the electroreduction of H^O^ to water must be intrinsic to the second enzyme. For example, the second 

corrected for the background caused by electroreduction of enzyme may include a sufSciently thick, natural, electrically 

di.ssolved O^. Furthermore, it is also desirable to poise the insulating protein or glycoprotein layer over iLs reaction 

electrode at a potential where the rate of electrooxidation of center or centers. Such a layer prevents electron transfer to 

other interferants, such as urate, ascorbate, and 65 or from the redox polymer. In this case, no further means for 

acetaminophen, is not significant, so that correction for their preventing reduction or oxidation of the second enzyme by 

electrooxidation will not be required. the redox polymer is required. 
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Inorganic Polymeric Matrix Immobilization and Stabiliza- 

Alternatively, the H202-generating (second) enzyme is 
immobilized in a non-conducting inorganic or organic poly- 
meric matrix to prevent electron exchange between its redox 5 
centers and the redox polymer. The immobilizing matrix is 
preferably highly permeable to O, and usually is more 
permeable to Oj than to the analyte or to its precursor. The 
preferred immobilizing matrices are those in which the 
second enzyme is stabilized, becoming itself thermostable lO 
through immobilization, as discussed more fully below. 

The sol-gel polymerization process provides a method for 
the preparation of an inorganic polymeric matrix (e.g., glass) 
by the polymerization of suitable monomers at or near 
room-temperature. Suitable monomers include alkoxides 15 
and esters of metal and semiconducting elements, with 
preferred metals and semiconductors comprising Si, Al, Ti, 
and Pb. The most preferred monomers include silicon and 
have a silicon to oxygen ratio of between about 1:2 and 
about 1:4. 20 

Enzymes can be immobilized in silica and other inorganic 
polymeric matrices made by sol-gel processes, involving, 
for example, the hydrolysis of tetramethoxysilane or another 
polyalkoxysilane thai may contain one or more silicon 
atoms. Condensation of the resulting .silanol in the presence 2.5 
of the enzyme results in entrapment of the enzyme. This 
process has been referred to as sol-gel immobilization. 

Enzymes can be immobilized in inorganic polymeric 
matrices to prevent electrical contact between the immobi- 
lized second enzyme and the redox polymer and/or elec- 30 
trode. Furthermore, binding of enzymes in silica or other 
inorganic polymeric matrices formed from sol-gels can 
stabilize the enzyme. Entrapment of glucose oxidase, a 
glycoprotein, in silica sol-gel greatly improves the stability 
of the enzyme, which retains activity when heated in water 3f. 
to 98° C. for 10 minutes. 

When lactate oxidase, which is not a glycoprotein, was 
similarly immobilized by the sol-gel process in silica, the 
enzyme was not particularly thermostable. However, when 
lactate oxidase is dissolved in an aqueous buffer solution in 40 
which poly(N-vinyl imidazole) is co-dis.solved, and the 
lactate oxidase-poly(N-vinyl imidazole) mixture is immo- 
bilized in the silica by the sol-gel process, a uniquely stable, 
immobilized lactate oxidase is obtained. The stabilized 
lactate oxidase can be heated in water to 90° C for 10 45 
minutes and still retain enzymatic activity. 

Poly(N-vinyl imidazole), a polycation at pH 7, binds at 
this pH to enzymes such as lactate oxidase, that are polya- 
nions at pH 7. Thus, the addition of a particular polymer to 
a particular enzyme can greatly increase the stability the 50 
enzyme. In the case of lactate oxidase, addition of 
polyethyleneimine, also a polybasic polymer and also mul- 
tiply protonated at pH 7, in place of poly(N-vinyl imidazole) 
improved stability of the enzyme, although not as much as 
the addition of the preferred polymer, poly(N-vinyl 55 
imidazole). 

If the enzyme is a polycation or polyanion at a particular 
pH, a polymeric polyanion or polycation, respectively, can 
be coimmobilized in an inorganic polymeric matrix formed 
from a snl-gel to stabilize the enzyme. The stabilized 60 
enzyme can then be used at higher temperatures and/or for 
longer durations than would be possible if the enzyme were 
immobilized alone in the snl-gel. 

After gelling, the silicas, in which the peroxide- 
generating, now thermostable, second enzyme is 6S 
immobilized, are hard materials that can be ground into fine 
powders. These powders are then dispersed in highly 



Oj-pcrmeable polymers, further discussed hereinbelow, to 
form a peroxide-generating second layer 13 of the inventive 
sensors. The peroxide-generating layer 13 preferably has the 
following desired properties: thermostability; absence of 
electron transfer between the redox polymer of the sensing 
layer and the redox centers of the enzyme of the second 
enzyme containing H202-generating layer, i.e. absence of 
oxidation or reduction of the redox polymer by redox centers 
of the second enzyme; and high 0^ permeability. 

Alternatively, when electron transport between the redox 
polymer of the sensing layer and the peroxide-generating 
second enzyme is avoided because of intrinsic electrical 
insulation of the H-iPz generating enzyme or by immobili- 
zation of the enzyme in an electrically insulating matrix 
(such as the inorganic polymeric matrices described above), 
it is practical to incorporate the second enzyme in the 
peroxidase-containing sensing layer. In this case, the sensing 
layer includes the redox polymer, electrically connecting the 
thermostable peroxidase (first enzyme) to the electrode, and 
also includes the peroxide-generating enzyme (second 
enzyme), the redox centers of which are not electrically 
connected to the redox polymer or to the electrode. 

Alternatively, the peroxide-generating enzyme layer 24 
can be formed directly over the sensing layer 21 (see FIGS. 
20 and 21), but only when the peroxide-generating enzyme 
■ ■nlrinsically insulated or immobilized in an electrically 
ilaling matrix. If the H^Oj generating enzyme is neither 
insically insulating nor immobilized in an insulating 
matrix, an H202-permcable, electrically insulating layer 12 
can be placed between the sensing layer 11 and the peroxide- 
generating (second) enzyme layer 13 to achieve the desired 
insulation. 

The peroxide-generating (second) enzyme layer is formed 
by any oJ" the following methods. Particles, such as silica- 
containing particles in which the second enzyme is 
stabilized, can be dispersed in a polymer, such as a silicone 
rubber solution or silicone rubber precursor solution. A 
droplet of this mixture is then applied to the working 
electrode. Alternatively, Ihe peroxidc-generaling layer is 
formed by adding a cro.ss-linking agent to the second 
enzyme and applying a droplet containing the .second 
enzyme and its crosslinker to the working electrode. Useful 
cross-linking agents include, for example, poly(ethylene 
glycol) diglycidyl ether (PEGDGE). For cross-linking of 
glycoproteins such as glucose oxidase, Ihe enzyme is oxi- 
dized with NalO^, forming reactive aldehyde functions 
condensing with surface amines, such as those of enzyme 
lysines. The preferred method for producing a peroxide- 
generating layer containing glucose oxidase, when the 
enzyme is not immobilized in a silica sol-gel, is the latter, 
NalO^ method. For peroxide-generating layers containing 
lactate oxidase, which is also not immobilized in a silica 
sol-gel, cross-linking of its mixture with poly(N-vinyl 
imidazole) with PEGDGE is preferred. The second enzyme 
may also be immobilized with glutaraldehyde or glutaral- 
dehyde and a protein such as albumin. 

An enzyme stabilized by the silica sol gel matrix can be 
ground to a find powder and dispersed in a silicone, pref- 
erably in an elastomeric silicone, and most preferably in a 
water-based elastomeric silicone precursor. This dispersion 
is then applied to the thermostable peroxidase layer to form 
a hydrogen peroxide-generating layer. Silicone is a preferred 
binder in this layer due to iUs oxygen permeability. 
Electrically Insulating Layer 

Another means for preventing oxidation/reduction of the 
peroxide-generating (second) enzyme is the addition of an 
electrically insulating membrane 12 that is permeable to 



HjOz between sensing layer 11 and second enzyme layer 13. 
The insulating membrane can be inorganic or organic, but 
preferably is an organic polymer such as cellulose acetate. 
The second enzyme may be immobiHzed in a layer 13 over 
the polymeric membrane. 5 

Preferably, the insulating membrane 12 is permeable to 
the small H^O^ molecule but is not permeable to the larger, 
readily oxidizable, potentially interfering ascorbate, 
acetaminophen or urate species. Preferably, the ratio of the 
permeability of layer 12 to HjO, and one or more of to 
ascorbate, acetaminophen, and urate is greater than 2:1. 
Useful, selectively H^Oj permeating polymer films include 
dense cellulose acetate, cured Nation™, and nylon. Using 
known, standard methods, dense, small pore size films of 
cellulose acetate or nylon are cast &om cyclohexanone or 15 
tetrahydrofuran; Nafion™ films are made from alcohol and 
alcohol-water emulsions and curing. 
Analyte-Transport Controlling Layer 

If the second enzyme is not immobilized, or when it is 
desired to broaden the dynamic range of the sensor so that 20 
the sensor will respond, preferably hnearly, to higher con- 
centrations of the analyte, then an analyte-transport control- 
ling layer 14 is placed between the solution that is being 
analyzed and second enzyme layer 13 of the sensor. This 
analyte-transport controlling layer 13 fiinctions to contain 25 
the second enzyme and thereby avoid its loss, and/or to limit 
the flux of the analyte or second enzyme substrate to the 
second enzyme layer. 

It is of essence that this second membrane be permeable 
to O^, the co-reactant in the enzyme-catalyzed generation of 30 
HjOj in the presence of the substrate. It is also of essence 
that the ratio of permeabilities of and of the substrate or 
its precursor through this second membrane be large enough 
for oxidation or dohydrogenation of the sub.stratc in the 
reaction catalyzed by the .second enzyme with the concurrent 
formation of water, a reaction whereljy O, is coasumed. 
Because the concentration of O3 in saturated aqueous solu- 
tions is well below the usual concentrations of analytcs such 
as glucose or lactate in biological fluids, including fluids in 
the body of animals, analyte-transport controlling layers 14 40 
that are much more permeable to O2 than to the substrate or 
its precursor are preferred. 

Generally, membranes or polyrciers for which the perme- 
ability coefficient of molecular oxygen is greater than 10"*" 
cm=' (STP) cm cm'-s-' (cm Hg)"^ at 25° C. are preferred. 45 
(Explanation of the permeability units is given m Polymer 
Handbook, Second Edition, J. Pandrup and E. H. Immergut, 
Editors, John Wiley & Sons, New York, 1975, pages III- 
229-231.) Polymers for use in the analyte-transport control- 
Hng layer 14 are those that are highly permeable to 0^, so 
preferably those in which the ratio of Oj and substrate (or 
substrate precursor) permeabilities is greater than 10:1, and 
more preferably greater than 100:1. It is well known that the 
permeability of 0, in silicones, for example in silicone 
rubbers, formed by cross-Mnking poly(dimethyl siloxanes), 55 
is particularly high. Thus, silicones are useful polymers for 
this layer. Another useful material is cellulose acetate. 
Biocompatible Layer 

For in vivo use, the sensor is preferably coated with a 
biocompatible film 15 that is permeable to the substrate 60 
converted in the reaction catalyzed by the second enzyme. 
This biocompatible film is placed on the solution side of the 

The preferred biocompatible layer 15 is formed of a 
hydrogel, e.g., a polymeric composition which contains 65 
more than 20% by weight of water when in equilibrium with 
a physiological environment such as living tissue or blood. 
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Ad example is a cross-linked derrivative of polyethylene 
oxide, e.g., a letraacrylated derrivative of polyethylene 
oxide. The polymeric compositions are non-toxic, non- 
immunogenic, non-thrombogenic, and otherwise compatible 
with living tissue of animals. 

A biocompatible layer 15 is not necessary if the analyte- 
transport controlling layer 14 or the second enzyme layer 13 
are biocompatible. For example, many solid sflicones are 
biocompatible and therefore require no additional biocom- 
patible layer (see FIG. 20, in contrast the embodiment of the 
invention shown in FIG. 21 includes a biocompatible layer 
25). 

StabiUty of the Sensor 

An important performance criterion of the inventive sen- 
sor is the rate of loss of sensitivity. This rate depends on the 
concentration of the analyte, because loss in sensitivity is 
usually first noticed at high analyte concentrations. At higher 
analyte concentrations, where complete conversion of the 
incoming analyte flux to HjOj requires the presence of more 
of the active second enzyme, the system is very sensitive to 
inadequate substrate conversion in the second enzyme layer. 
The rate of loss of sensitivity can be reduced, even when the 
second enzyme is not particularly thermostable, by limiting 
the flux of analyte to the second enzyme layer 13 by using 
an analyte-transport controlling layer 14 and limiting 
thereby the analyte concentration. 

Loss of sensitivity can also be limited and even avoided 
for a period of days or weeks, by incorporating in the second 
enzyme layer a large amount of enzyme that even if part of 
it becomes inactive, afl of the analyte flux is stifl transduced 
by the remaining second enzyme into an H^Oj flux. If a 
thermostable second enzyme, such as an enzyme entrapped 
in an inorganic polymeric matrix, is used to form the second 
enzyme layer 13, sensors of unprccedentedly good stability 
anci long Hie can be liuilt and can be further improved either 
by incorporating a large excess of the thermostable second 
enzyme, much more than needed to convert the analyte flux 
into an ILO, Ilux, or by limiting the analyte flux, or by using 
both techniques cooperatively. 

The preferred sensors are also stable for long periods of 
lime at temperatures of 37° C. or greater. Preferably, the 
sensor is stable for 100 hours or more at this temperature 
with a drop in the sensor's output of 10% or less. Preferably, 
the sensor and the enzymes within the sensor are stable at 
30° C, more preferably at 40° C, and most preferably at 50° 
C. or 60° C. or higher. 
Other Sensors 

Many of the principles of the invention can be used in 
sensors other than the peroxidase .sensors described herein- 
above. In particular, the immobilization of a second enzyme 
in an inorganic polymeric matrix formed using the sol-gel 
process can be used effectively in the enzyme sensor 
described in U.S. Pat. No. 5,593,852 herein incorporated by 
reference. In the sensor, a layered structure similar to that 
depicted in FIGS. 19-21 is used. However, in the sensing 
layer an analyte-sensitive enzyme is used rather than a 
peroxidase. For example, glucose oxidase or glucose dehy- 
drogenase is present in the sensing layer if the analyte is 
glucose or lactate oxidase is used if the analyte is lactate. 

These sensors often have a second enzyme layer which is 
functions as an interferenl-eliminating layer. This layer 
contains one or more enzymes which catalyze reactions of 
interferents, such as ascorbate, urate, acetaminophen. 
Enzymes for use in this layer include peroxidases and lactate 
oxidase (when glucose is the analyte) or glucose oxidase 
(when lactate is the analyte). These enzymes can be immo- 
bilized in an inorganic polymeric matrix as described here- 
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inabove and used to form a second enzyme layer. 
Furthetmore, these enzymes may be stabilized by immobi- 
lization in the inorganic polymeric matrix either alone or in 
conjunction with a polyelectrolytic polymer as described 
hereinabove. 5 
EXAMPLES 

The invention will be further defined by reference to the 
following Examples. I"hese examples are not intended to 
Umit the scope of the invention, but rather to illustrate some w 
of the invention's specific embodiments. 

Example 1 
Preparation of 4-layered Sensors 
Soybean peroxidase (SBP) was obtained from Harlan 
Bioproducts for Science, Indianapolis, Ind., High grade, 130 
pyrogallol units/mg (Cat. No: SP04 Lot No: SPL0515). The 
lactate oxidase (LOx) was obtained &om Genzyme, Boston, 
Mass., Lot # D50293, Cat. # 70-1381-01, EC 1.1.2.3 from 2Q 
Acerococcus viridans, 37.0 units/mg of powder. Poly 
(ethylene glycol) diglycidyl ether (PEGDGE) was obtained 
from Polysciences, Inc., Warrington, Pa. A 30% hydrogen 
peroxide solution was obtained from Aldrich, and diluted 
solutions were prepared daily. 25 
Electrodes 

Vitreous carbon electrodes, 3 mm in diameter, were 
polished and cleaned using 3 grades of alumina slurry; 5, 1, 
and 0.3 microns, with sonication and rinsing between 
grades. Each polished and cleaned electrode was tested in 3Q 
PBS by scanning the potentials of interest (-0.4 V to +0,4V 
vs. SCE) to ensure that the electrochemistry was featureless. 
The four-layered sensors were prepared as follows: 
Hydrogen Peroxide Sensing Layer 

A redox polymer, PVP-hpy-Os (or POs-EA.), wa.s .syn- 
thesized by partially complexing the pyridine nitrogens of 
poly.(4-vinylpyridine) with 0s(bpy)2Cr''*^, and then par- 
tially quatcrnizing the resulting polymer with 
2-bromoethylamine, by the method described in Gregg and 
Heller, 1991, / Fhys. Chem. 95:5970. The osmium- 40 
containing redox centers allow for electrical communication 
between the carbon .surface and the peroxidase heme centers, 
and the pyridinium-N-ethylamine functions enhance hydra- 
tion and provide primary amines for cross-linking. The ratio 
of unmodified pyridines to osmium-coraplexed pyridines to 45 
ethylamine quarlernizcd pyridines was 3.3:1.0:0.8, 

Tlie first layer, the hydrogen peroxide sensing layer, was 
prepared by placing droplets of 2 fA PVP-bpy-Os (5 mg/'ml), 
2 |«1 soybean peroxidase (5 rag/ml), and 1 /<1 of the 
crosslinker PEGDGE (2.5 mg/ml) on the carbon surface. 50 
The droplets were mixed on the surface of the electrode with 
the tip of a syringe. The electrode was then allowed to dry 
for 16 hours at room temperature. The resulting dark purple 
film appeared to be well spread and uniform. The dried 
electrode was washed in PBS for 20 minutes at 1000 rpm, 55 
rinsed with water, and permitted to dry at room temperature. 
Hydrogen Peroxide Transport-Limiting Layer 

To prepare the second layer, 4 fiX of 0.5% cellulose acetate 
(Sigma, approximately 40% acetate content) in cyclohex- 
anone (Aldrich) was placed atop the dried and svashed 60 
hydrogen peroxide sensing layer. The electrode was permit- 
ted to dry for two hours at room temperature. The resulting 
film appeared to be well .spread and uniform. 
Second Enzyme Layer (Without Sol-gel Silica) 

To immobihze the glucose oxidase (GOx) enzyme, two 65 
different immobilization procedures were used. For GOx, a 
solution of 100 fA of 20 mg/ml of GOx in water was 



prepared. Glucose oxidase (GOx) was obtained from Sigma, 
ED 1,1,3,4 from Aspergillus niger type X-S, 198 units/mg 
solid, 75% protein. After the addition of 50 fA of 12 mg/ml 
Nal04 in water, the enzyme-periodate solution was incu- 
bated at room temperature and in the dark for two hours, 
following the procedure described in Vreeke et.al., 1995, 
Anal Chem. 67:4247. A volume of 4 fil of the incubated 
mixture was placed atop the cellulose acetate film to form an 
immobilized GOx analyte sensing layer, which was permit- 
ted to dry overnight. 

For LOx, a mixture of ID |d of 20 rag/'ml LOx, 20 fA of 
10 mg/ml PVr, and 10/^1 of 5 mg/ml PEGDGE in water was 
prepared. A volume of 4 fA of the LOx mixture was placed 
atop the cellulose acetate film to form an immobilized LOx 
analyte .sensing layer, which was permitted to dry overnight. 
Analyte Tran.sport-Limiting Layer 

'Ilie fourth polymeric layer, an analyte transport-limiting 
layer of cellulose acetate, was prepared and apphed to the 
analyte sensing layer as described above for the hydrogen 
peroxide transport-limiting layer. A volume of 4/jl of 0.5% 
cellulose acetate in cyclohexanone was placed atop the 
immobilized oxidase layer (analyte sensing layer), and per- 
mitted to dry for two hours. 

The four-layered electrode was then washed in PBS for 25 
minutes and rinsed with water. 

Example 2 

Varying Amounts of Soybean Peroxidase 

The 4-layered electrodes were prepared as described for 
Example 1, but varying the enzyme weight fraction of 
soybean peroxidase in the crosslinked redox polymer of the 
hydrogen peroxide sensing layer or by varying the total 
loading of SBP. Current measurements were collected using 
a Princeton Applied Research model 273 potentiostat/ 
galvanostat in a 3-electrode cell. All measurements were 
performed using a 20 mM phosphate buffer (pH 7.3) con- 
taining 0.1 M NaCl, except measurements in which pH 
dependence was studied. In experiments where pH was 
varied, 2M solutions of UCi or NaOH were added to the 
phosphate buffer solution. 

Gluco.se and lactate solutions were prepared by diluting a 
slock 2M solution in phosphate buffer. All experiments were 
run at 37° C, under air in 100 ml of phosphate buffer, unless 
otherwise indicated. 'Die cell contained a rotating glassy 
carbon working electrode, a saturated calomel reference 
electrode (SCE), and a platinum counter electrode, isolated 
from the bulk solution by a Vycor™ frit. The stability 
measurements were run in a stirred cell, the rotating di.sk 
experiments were performed using a Pine RDE4 
potentiostat, with an MSRX .speed controller, an X-Y-Y' 
plotter, and a VWR 1165 refrigerated constant temperature 
circulator. The rotating electrode experiments were per- 
formed at 1000 rpm, unless otherwise noted. 
Results: 

As shown in FIG. 1, for a given mass of redox polymer 
(POsEA), the current density peaked between 40 wt % and 
60 wt % of SBP. For a 50 wt % electrode, the current density 
reached a plateau at a loading of 60 /ig/'cm^. Although 
ciurent densities were independent of loading above 50 
fig/cm^, the response times increased with increased loading. 
For this reason, the preferred sensing layer contained 50 wt 
% SBP at a total loading of 60 ftg/cm^. 

FIG. 2 shows the dependence of current densities on the 
amount of glucose oxidase immobilized on the electrode. 
The current densities at 4 mM glucose reached a plateau at 
GOx loadings of 375 fig/car. Electrodes made with LOx 



Oxygen Dependence of the Electrodes 
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exhibited similar behavior with a current density plateau at glucose. The response time (t,o,go) for electrodes with an 

a loading of 600 ,Mg/cm-. outer cellulose acetate layer of 8 /A of 0.25% was less than 

2 minutes. 

Example 3 

5 Example 4 

Varying Thickness of First Transport-controlling 

Layer and Fourth Analyte-lransport-limiting Layer Potential Dependence of the Electrodes 

The hydrogen peroxide transport-controlling layer func- The redox polymer of the electrodes of Example 1, 

tions to control the transport of hydrogen peroxide from the POs-EA, has a formal redox potential of +278 mV (vs. 
analyte sensing layer to the hydrogen peroxide sensing layer, lo SCE). (Gregg and Heller, 1991, J Phys. Chetn. 95;5970) 

Thislayeralsoservestoelectrically isolate the POsEA of the FIG. 4 shows the dependence of current density on the 

hydrogen peroxide sensing layer from the immobilized applied potential for a glucose electrode of Example 1. 

oxidase layer, that is, to prevent "short-circuiting" of the Between 0.20 V and +0.35 V (vs. SCE), the current density 

sensor through "wiring" of the oxidase. was independent of applied potential. At applied potentials 

When the immobilized oxidase of the analyte sensing positive of +0.40 V, a reduction current was no longer 

layer is not suflBciently insulated from the hydrogen perox- observed. At applied potentials more negative than -0.20 V, 

ide sensing layer, redox centers of the oxidase and osmium oxygen reduction effects are observed, 
centers of the POs-EA are electrically connected. This 

results in the "short-circuiting" of the electrodes. As Example 5 
described in Vreeke and Rocca, 1996, Electroanalysis 8:55, - 
a symptom of "short-circuiting", which is often seen only at 

high substrate concentrations, is the suppression of the In nature, the reduced form of an oxidase requires oxygen 

catalytic reduction current upon increasing substrate con- for reoxidalion and production of hydrogen peroxide. FIG. 

centration. In the present experiments, "short circuiting" was 5 shows the dependence of the current density on the partial 

diagnosed by poi.sing the electrode at +0.5 V (SCE), where pressure of the dissolved oxygen for the electrodes of 

the hydrogen peroxide was not catalytically electroreduced Example 1. Al 37 C, the concentration of oxygen in an 

on the "wired" peroxidase layer, and injecting 10 mM air-saturated aqueous solution is about 0.2 mM (See, Hodg- 

substrate. Flow of an oxidation current indicated that the m!ia\mi.\ Handbook of ChcmLstry and Physics, 'iA\\\Ed,VL\e. 

electrode had a short circuit. Chemical Rubber Publishing Co., Cleveland, Ohio, 1963, 

In the electrodes of Example 1 formed with application of page 1706). 

4 ^1 of 0.25% cellulose acetate, "short circuiting" by "wir- For gluco.se electrodes, even at very low oxygen 

ing"oftheoxidaseby POsEA was effectively prevented, in concentrations, the current deasities were lower only by 

contrast to electrodes prepared with thinner cellulose acetate about 20% than those in oxygen saturated solutions. For 

films, (data not showm). Electrodes made without the inner oxygen concentrations of 0.04 mM or higher, i.e., in solu- 

cellulose acetate layer invariably exhibited short-circuiting, tions saturated with atmospheric pressure argon containing 

and the effect was often quite substantial. For example, a only 4 volume % oxygen, the current density was indepen- 

typical glucose electrode made without this insulating layer dent of the oxygen concentration. 

showed current suppression at concentrations higher than 1 por lactate electrodes, however, at low oxygen partial 

mM glucose, and the current was suppressed to less than pres.sures, the dependence of current density on oxygen 

50% of its maximum value at a concentration of 20 mM. concentration was more substantial. This difference is 

This observation demonstrates the necessity of the insulating explained by the different immobilization methods for GOx 

layer in this type of sen.sor. and LOx. The sodium pcriodalc crossHnkcd GOx layer has 

Membranes, having a range of thickness, were obtained lower o.xygen permeability than that of the PEGDGE 
by using solutions of different cellulose acetate 45 crosslinked PVI-LOx layer. Al high (5 mM) lactate 

concentrations, and applying various volumes of these. The concentrations, the current density became independent of 

thinnest membranes were made by applying 1 /A of 0.25 the partial pressure of oxygen only when the volume % of 

weight % cellulose acetate. 'Ifie thickest membranes were oxygen reached its volume % in air (21%). For lower lactate 

made by applying 4 /A of 0.5 weight % cellulose acetate concentrations, it is expected that the current will be less 
solution to the surface, 5q dependent on oxygen partial pressure as a lower oxygen flux 

While the presence of the inner cellulo.se acetate layer suffices for the quantitative conversion of lactate to hydro- 

effectively prevented .short-circuiting, the sensitivity of the gen peroxide and pyruvate, 
electrodes dropped by about 50%. The sensitivity loss is 

attributed to less efiBcient collection of the HjOj generated Example 6 

by the oxidase-catalyzed reaction. 55 Salt and pll Dependence of the Electrodes 

An analyte transport-limiting layer forms a fourth poly- 
meric layer. As described for Example 1, this layer was made FIG. 6 shows the dependence of current density on the 
ofcellulose acetate, and provides substrate transport control, concentration of NaCl for both GOx (A) and LOx (B) 
therebv defining the dynamic range ofthe sensor. Increasing electrodes of Example 1. Although the current densities 
the thickness of the outer cellulose acetate layer decreased 60 were somewhat higher at low salt concentrations, the elec- 



.„.'s sensitivity, but increased the apparent K,„. FIG. trodes were virtually insensitive to salt concentrations up to 

3 shows the response of an electrode over-coated with IM NaCl. Increasing the salt concentration from O.IM to 

varying amounts of cellulose acetate: (A) 4 /A; (B) 8 /xl; (C) IM decreased the current density by less than 10%. 

28 ^1 of 0.25% cellulose acetate. Increa.sing the thickness of FIGS. 7A and 7B show the dependence of the current 
the outer cellulose acetate layer from 4 /A (A) of 0.25% 65 deasity on pH for both GOx (RG. 7A) and LOx (FIG. 7B) 

cellulose acetate to 8 /j1 (B) decreased the sensitivity by electrodes of Example 1. For the glucose electrodes, the 

50%, but increased the apparent K„, from 1 mM to 2 mM current density was near its maximum between pH 4.5 and 
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pH 6.5, the plateau matching the pH dependence of GOx 
activity in solution, which exhibits maximal activity near pH 
5.5. For lactate electrodes, the current density reached its 
maximum at pH 4.0, dilfering from the pH dependence of 
LOx activity in solution, which exhibits maximal activity at 
pH 6.5. Both glucose and lactate electrodes were irreversibly 
deactivated below pH 3.0. 



Rotal 



Example 7 

n Rate and Temperature Dependen 



HG. 8 shows the dependence of current density on the 
angular velocity of the rotating electrodes for both GOx (A) 
and LOx (B). The current density was practically indepen- 
dent of rotation rate. For example, in the case of the glucose 
electrode, increasing the rotation rate from 50 rpm to 1000 
rpm increased the current density by less than 5%. 

FIGS. 9A and 9B show the dependence of the current 
density on temperature for both electrodes, FIG. 9A shows 
data for 5 mM glucose; and FIG. 9B shows data for 5 mM 



inlerferents decrease the catalytic hydrogen peroxide elec- 
troreduction current. Nevertheless, no current change was 
observed with the electrodes of Example 1, upon the addi- 
tion of urate up to 0.5 mM or acetaminophen up to 1.0 mM, 

; both in the presence and absence of substrate. Ascorbate was 
electrooxidized only at a negligibly slow rate. For example, 
at 1 mM glucose, an injection of 0.1 mM ascorbate caused 
a decrease of less than 1% in the current density, and, at 64 
mM glucose, injection of 0.1 mM ascorbate caused a 

0 decrease of le.ss than 0.1% in the current density. 

Example 10 



y Test for Lactate Oxidase- 
ca Gel Powder 
pcd Silica Gel Powder 
jrlhosilicate (TMOS, Cat. # 
sec. Wis.) was added to a small 
10 an ice-bath, and stirred at 
mM HCl was added 



Preparation of PV 



Example 8 
Term Operational Stability 
The stability of the current density of the 



s of 



Example 1 during continuous operation at 37° C. was a 
strong function of oxidase loading. As shown in FIG. lOA, 
the higher the GOx loading, the better the operational 
stability at 37° C. An electrode loaded with 1.3 ug of GOx 
(a) had an operational half life of 40 hours, while an 
electrode loaded with 52 ^g of GOx (d) maintained 100% of 
its initial current density for over 100 hours and lost only 
10% of its initial current density after 200 hours, and less 
than 25% after 280 hours. FIG. 11 shows the current 
response before and after the long term operational stability 
experiments for glucose electrodes at both high and low 
loadings. While the electrode with a 1.3 ^g GOx loading lost 
more than 90% of its current density at all glucose concen- 
trations after 100 hours of operation at 37° C, the electrode 
with 26 fig GOx loading demonstraited no loss of current 
density at low concentrations, and a loss of only 25% of 
current density at glucose concentrations greater than 5 mM 
after 200 hours of operation. Cyclic voltammetry revealed 
that the electrodes did not lose electroactive osmium 
throughout the long term stability experiments (FIG. 12), 
and operational stability was maintained as long as the 
amount of active enzyme sufBced to oxidize all of the 
glucose flux. 

Similarly, FIG. 10(B) shows that the higher the LOx 
loading, the better the operational stability at 37 C. While the 
electrode with a 20 fig LOx loading lost more than 80% of 
its current density at all lactate concentrations after 120 
hours of continuous operation at 37 C, the electrode with 
160 fig LOx loading demonstrated no loss of current densit; 
at low concentrations, and a loss of only 10% of 
density at lactate concentrations greater than 5 mM after 160 
hours of operation. Cyclic vohammetry revealed that the 
electrodes did not lose electroactive osmium throughout the 
long term stabiUty experiments, and operational stability 
was maintained as long as the amount of active enzyme 
sufBced to oxidize all of the lactate flux (data not shown). 



Example 9 
Selectivity Against Interferents 
Interferenls such as ascorbate, urate, and acetaminophen 
ire oxidized at POsEA coated carbon electrodes. These 



34,143-6, Aldnch. Milwauki 
vial. The vial was placed ii 
approximately 60f) rpm. 36 mL of 2.44 n- 
and the .solution was stirred for 10 min. A vacuum was men 
applied to the vial for an additional 10 minutes to eliminate 
the methanol produced in the sol process. The vacuum was 
released, and pH of the solution was adjusted to pH 5.1 by 
adding 20 mL of 20 mM phosphate builer (pll 7.4). 

In separate small vial, 6 mg of lactate oxidase (LOx, from 
aerococcous viridens, 41 units/mg. Cat. #1381, Genzyme, 
Cambridge, Mass.). 180 mL of 10 mM 4-(2-hydroxyethel)- 
1-piperazineethane-sulfonic add (HEPES) buffer solution 
(pH 7.5), and 20 mL of 20 mg/mL of aqueous poly(l- 
vinylimidazole) were mixed as described by Timothy J. 
Ohara, Ravi Rajagopalan and Adam Heller, Anal. Chem. 
1994, 66, 2451-57. This solution was added to the TMOS- 
containing solution and was stirred for 1 minute. A vacuum 
was applied to the stirred mixmre until a gel formed. The 
vacuum was released and the gel was rinsed with 2 mL of 
distilled water three times. The gel was then soaked in 2 mL 
of distilled water overnight at 4° C. The water was removed 
from the vial and the gel was allowed to dry at room 
temperature overnight. The dried gel was collected and 
ground to a powder with a mortar and pestle. 
Qualitative Activity Test for PVI-LOx-doped Sihca Gel 
Powder 

For a qualitative activity test of lactate oxidase-doped 
silica gel at room temperature, peroxide test strips 
(Reflectoquanl® 16974 Peroxide Test, Merck, Darmstadt, 
Germany) were used. 1-2 mg of lactate oxidase-doped silica 
gel powder was applied to the active area of the test strip. 20 
/il, of 1 M lactate (prepared in phosphate buffer solution, pH 
7.4) was applied to the same area of the test strip. The 
presence of lactate oxidase activity was indicated by the 
appearance of a blue color on the active area of the strip. 
Quantitative Activity Test for PVI-LOx-doped Silica Gel 
Powder 

55 In the presence of oxygen, a lactate oxidase catalyzes the 
oxidation of lactate to pyruvate. In the process, hydrogen 
peroxide is formed stoichiometrically. The enzymatically 
formed hydrogen peroxide can be quantitatively measured 
using a peroxidase linked assay system, which causes the 
formation of a quinoneimine dye. This dye can be measured 
spectrophotometrically at 564 nm. 

Preparation of Solutions for PVI-LOx-doped Silica Gel 
Powder Activity Test 

Reaction mixture I was prepared by combining the fol- 
lowing solutions: 

(a) 6.0 mLO.2 M 3,3-dimethylglutarat6 [HOzCCHjCHjC 
(CH3)2C0,H]— NaOH buffer, pH 6.5; 
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(b) 3.0 mL peroxidase (from horseradish, Sigma Chemi- 
cal Inc. St. Louis, Mo.), 50 units/mL in water; 

(c) 3.0 mL 15 mM 4-aminoantipyrine in water; 

(d) 3.0 mL 0.5 M sub.strate; and 

(e) 9.0 mL distilled water. 

A stock solution of 0.5% N,N'-dimethylaniline was pre- 
pared by mixing 0.2 g into 100 raLof water. A stock solution 
of the enzyme diluent was prepared by adding 66 mg of FAD 
into 4 mL of a 10 mnM KH^PO^— NaOH buffer solution, 
pH 7.0. Lactate oxidase solutions were prepared at a con- 
centration of 1 mg/mL in enzyme diluent. A stock solution 
of enzymatic reaction stopper was prepared by dissolving 
0.25 g of dodecylbenzene.sulfonic acid sodium salt 
[CizHasCelUSOjNa] in 100 mL of distilled water. All 
chemicals were purchased from Aldrich Chemical Company 
(Milwaukee, Wis.) unless otherwise mentioned. 
Activity Test Procedure for PVI-LOx-doped Silica Gel Pow- 

1.0 mg of lactate oxidase-doped siUca gel powder was 
weighed into a 3 mL cuvette. 100 /iL of distilled water was 
used to wash the powder down from the inside walls to the 
bottom of the cuvette. The cuvette was then capped with 
parafilm and placed in a temperature bath set at 63° C. for 
the experimental period of time. After this period of time, the 
cuvette was removed from the bath, and 100 juL of enzyme 
diluent was added. The cuvette was then placed into a 37° 
C. temperature bath for another five minutes. 

A solution with a 4:1 ratio of reaction mixture I to 0.5% 
dimethylaniline was prepared and allowed to equilibrate at 
37° C. One milliliter of this solution was added to the 
cuvette. This mixture was agitated and allowed to react for 
exactly 10 minutes at 37° C. Immediately after this 
incubation, 2.0 mL of the reaction stopper were added and 
the absorbance at 564 nm (As) was measured. 

The procedure was repeated, using 1 ;0 mg of enzyme-free 
silica gel powder in place of the lactate oxidase-doped silica 
gel powder. The same procedure was followed thereafter and 
the blank absorbance (Ab) was measured. Therefore, the net 
absorbance of the lactate oxidase-doped silica gel powder 
was determined by AA(AA"As-Ab). If AAwas greater than 
0.6, the assay was repeated, and the weight of the lactate 
oxidase-doped silica gel powder was adjusted accordingly. 
Results for PVI-LOx-doped Silica Gel Powder 

FIG. 13 shows the activity decrease of lactate oxidase in 
solution over time. The enzyme had a half-life of 6.8 
minutes at 63° C, which was in agreement with the previ- 
ously published value (H. Minagawa, N. Nakayama, and S. 
Nakamoto, 1995, Biotechnology Letters 17(9):975). 

FIGS. 14A and 14B show the comparison of the enzyme 
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Preparation and Activity Test for Glucose Oxidase- 
doped Silica Gel Powder 
Preparation of GOx-doped Silica Gel 

' 1.527 g of tetramethylorthosilicate(TMOS) was added to 
a small vial. The vial was placed into an ice-bath, and the 
solution was stirred at approximately 600 rpm. 360 mL of 
2.44 mM HCl was added and the solution was stirred for 10 
min. A vacuum was applied to the vial for an additional 10 

0 minutes to eliminate the methanol produced in the sol 
process. The vacuum was released and the pH of the solution 
was adjusted to pH 5.1 by addmg 100 mL of 20 mM 
phosphate buffer (pH 7.4). In a separate small vial, 67 mg of 
glucose oxidase (GOx from Aspergillus niger, Cat. # 

15 G-7141, 183 unit.s/mg, from Sigma, St. Louis, Mo.) and 540 
mL of 1(1 mM 4-(2-hydroxyethyl)-l-piperazineethane- 
sulfomc acid (HEPLS) buffer solution (pH 7.5) were mixed. 
Tills solution was added to the TMOS-containing solution 
and was stirred for 1 minute. A vacuum was applied to the 
stirred mixture until a gel formed. The vacuum was released, 

'° and the gel was allowed to dry overnight at room tempera- 
ture. The dried gel was first collected and then ground to a 
powder with a mortar and pestle. 
Qualitative Activity Test for GOx-doped Silica Gel 

For a qualitative activity test of glucose oxidase-doped 
silica gel at room temperature, peroxide test strips 
(Reflectoquant® 16974 Peroxide Test, Merck, Darmstadt, 
Germany) were u,sed. 1-2 mg of glucose oxidase-doped 
silica gel powder was applied to the active area of the test 
strip. 20 fiL of 1 M glucose (prepared in phosphate buffer 

50 solution, pH 7.4) was applied to the same area of the test 
strip. The presence of glucose oxidase activity was indicated 
by the appearance of a blue color on the active area of the 

In order to te.st the activity of the glucose oxidase-doped 
w silica gel powder at higher temperatures, the powder was 
immobilized onto a glass slide according to the following 
procedure. 26 mg of Bermocoll® EHM-100 (Berol Nobel 
AB, Stenungsund, Sweden), 1 mL of cyclohexanone and 1 
mL of water were mixed in a small vial. Ilie vial was heated 
40 and agitated over a flame for 5 minu 
allowed to .settle and the white mici 
lected. 90 f<L of the micelles and 1 
oxidase-doped silica gel powder were 
for 5 minutes. 10 ,uL of the mixture a 
45 slide and allowed to dry overnight, 
immersed in a temperature bath for 5 
mental temperature. The slide was removed and allowed tc 
dry. 10 of 2 M glucose was applied to the immobilized 
micelles. The active area of the peroxide testing strip was 
The appear- 

blue color on the strip indicated the pre.sence of 
glucose oxidase activity. 

Quantitative Activity Test for GOx-doped Silica Gel 
The quantitative activity test of glucose oxidase v 



. -ITie solut 



ixed and then .stirred 
IS applied to a glass 
. The glass slide was 
it the experi- 



activity loss of PVI-lactate oxidase-doped silica gel powdei 
with that of lactate oxidase-doped silica gel powder at 63° C. 

FIG. 14A shows PVI-lactate oxidase-doped silica gel. FIG. so placed on top of the immobilized 
14B compares PVI-lactate oxidase-doped silica gel (a) with " ' ' ' " ' 

lactate oxidase-doped silica gel (b). At 63° C, the LOx- 
doped silica gel powder (b) had the same half-life as that of 

LOx in solution. However, the PVI-LOx-doped silica gel . . _ 

powder FIG. 14B(fl) and FIG. 14A maintained 60% of its 55 performed exactly as that for lactate oxidase except a 1 M 



initial activity after 900 minutes at 63° C. 

FIG. 15 shows the time dependence of the activity loss for 
lactate oxidase in different environments at 50° C. At this 
temperature, the PVI-LOx-doped silica gel powder (A) 
maintained 85% of its initial activity after 120 hours, ( 
whereas the LOx-doped silica gel powder (C) had a half-life 
of only 10 hours. Both the LOx in solution (D) and the 
PVI-LOx in solution (C) demonstrated a half-life of less 
than one hour at this temperature. 

The PVI-LOx-doped silica gel powder maintained 100% ( 
of its initial activity after 11 days of soaking in water at room 
temperature. 



solution was used in place of the 1 M lactate 
solution and glucose oxidase-doped silica gel powder was 
used in place of lactate oxidase-doped silica gel powder. 
Qualitative Results for GOx-doped Sihca Gel 

The glucose oxidase-doped silica gel powder retained 
activity after immersion in water for 5 minutes at 40, 50, 60, 
70, 84, and 92° C, while similarly immobilized glucose 
oxidase in DAEADextran, Heparin, Lactitol, Gafquats, and 
Dextran Sulfate showed no activity retention at temperatures 
higher than 70° C. 

The glucose oxidase-doped silica gel powder was then 
tested for activity at 92° C. for longer time periods. Activity 
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was retained for up to 20 minutes, after which, the micelles 
washed off of the slides. At 75° C, activity was retained for 
over 60 minutes. 

Quantitative Results for GOx-doped Silica Gel 

FIG. 16 shows the comparison of the enzyme activity loss 
of glucose oxidase-doped siHca gel powder (B) with that of 
glucose oxidase in solution (A) at 63° C. At this temperature, 
the GOx-doped silica gel powder (B) maintained 60% of its 
initial activity after 1200 minutes, while the half-life of GOx 
in solution (A) was 6.5 minutes, as shown in the figure inset. 

Example 12 

Preparation and Activity Test for PEI-I.Ox-doped 
Silica Gel 

Polyethyleneimine (PEI) is chemically similar to PVl and 
has been shown to stabilize enzymes, PEI-LOx-doped silica 
gel powder was prepared according to the same procedure as 
that for PVI-LOx-doped silica gel powder. FIG. 17 shows 
the activity loss over time of PEI-LOx-doped silica gel 
powder at 63° C. After 900 minutes, the PEI-LOx-doped 
silica gel powder maintained 18% of its initial activity. 

Example 13 

Preparation and Activity Test of PVI-LOx 
Adsorbed onto Colloidal Silica 
PVI-LOx was also adsorbed onto colloidal silica accord- 
ing to the following procedure. 1.69 mg of LOx was 
dissolved in 23 /<L of 20 mg/mL of PVI. This solution was 
mixed vvith 33 fiLot colloidal silica (34 wt. % suspension in 
water, Aldrich, Milwaukee, Wis.). The resulting solution 
was allowed to dry. The solid was first collected and then 
ground to a powder in a mortar and pestle. The PVI-LOx 
adsorbed silica had the same half-life as LOx in solution at 
63° C. 

Example 14 

Layered Sensor with Sol-Gel Silica Immobilized 
GOX Particles in Silicone 

A 0.29 mm polyimide insulated gold wire (polyimidc 
insulation thickness 0.02 mm, gold wire OD 0.25 mm) was 
etched galvanostatically in a KCN solution as described by 
E. Cs5regi et^UAnaytical. Chemistry 66:3131-3138, 1994, 
to form about 100 ^aa deep recess. The following sequence 
of droplets were deposited in the recess to form a four- 
layered structure. The innermost layer contained a hydrogen 
peroxide-sensing soybean peroxidase and redox polymer. 
The second layer was a hydrogen peroxide permeable insu- 
lating layer. The third layer was a silicone layer in which sol 
gel silica-immobilized glucose oxidase containing particles 
were dispersed. The fourth, cellulose acetate layer was 
oxygen permeable and glucose flux reducing. 

To form these four layers on the electrode, the following 
procedure was used. The redox polymer solution prepared as 
described for Example 1 was used at a concentration of 10 
mg/mL. Soybean peroxidase (SBP) in deionized water was 
used at a concentration of 10 mg/mL. PEGDGE was used at 
5 mg/'mL. The redox polymer, SBP, and PEGDGE solutions 
were mixed at a 2:2:1 ratio. Ten droplets of about 5 nL each 
of the mixed solution were sequentially deposited within the 
recess to form the sensing layer, which was cured at 55° C. 
for 20 minutes. 

The solution from which the second layer, the hydrogen 
peroxide permeable membrane, was cast, consisted of 0.5%/ 
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weight % cellulose acetate (40% acetylated) in cyclohex- 
anone. One 5 nL droplet of this solution was applied to the 
cured sensing layer in the recess. 

The hydrogen peroxide generating enzyme layer (third 

5 layer) was made of 0.5 parts of the sol-gel immobilized 
glucose oxidase of Example 15, 1 part of Dow Corning 
3-5025 silicone water based elastomer that was thoroughly 
mixed and dispersed in 9 parts of water by grinding in an 
agate mortar for 30 minutes. ITiree drops of this mixture 

10 were applied on the cellulose acetate layer, and cured at 50° 

The fourth layer was made of 2 weight % cellulose acetate 
(40% acetylated) also containing 1.6 weight % TWEEN 80 
in cyclohexane, of which one drop was applied onto the third 
" layer. 

When the electrofie, produced as described above, was 
poised at -0.045V (SCE) in a phosphate buffer solution at 
pH 7.0 (20 mM phasphate, 0.14 M NaCl), the current in the 
absence of glucose was 0.1 nA. When the glucose concen- 
^ tralion was brought to 5 mM, the current increased in less 
than 20 seconds to 3.6 nA. Further increases of the concen- 
tration to 10 mM resulted in respective currents of 6.6 nA 
and 8.5 nA. 

Example 15 
Two Layered Glucose Electrode 
Recessed palladium electrodes were prepared as 
30 de.scribed by E. Csoregi et.al., Anaytical. Chemistry 
67:1240, 1995, for gold electrodes, except that the solution 
in which the palladiimi was etched under galvanostatic 
control was not a potassium cyanide solution, but 6M Hcl. 
The recess formed was about 100 /^m deep. Aqueous solu- 
35 tions of 10 mg/mL soybeanperoxidase, 10 mg,'ml, POs-EA 
and 5 mg'mL PEGDGE were prepared. 

In a small vial, 20 uL of the peroxidase solution, 20/<Lof 
the POs-EA solution, and 10 /aL of the PEGDGE solution 
were mixed. 5 nL of this mixed solution were applied to the 
palladium surface. The solution was allowed to dry, and the 
application and drying steps were repeated seven times. The 
electrode was allowed to cure overnight at room tempera- 

In a small vial, 0.1 g of Dow Coming Water Based 
Elastomer SiUcone (#3-5025, Lot #LL059026) and 0.9 g of 
water were thoroughly mixed. 0.95 g of this mixture and 

0. 05 g of glucose oxidase-doped silica gel powder were 
mixed. 5 nL of this mixture were applied on top of the 
"wired" soybean peroxidase layer of the recessed palladium 
electrode. The electrode was then cured for ten minutes at 
50° C. 

The electrode was poised at -0.045 V (SCE) in a phos- 
phate buffer solution at pH 7.0 (20 mM phosphate, 0.14 M 
55 NaCl) and its current was measured as a function of the 
glucose concentration in the solution. The apparent K,„ of 
the electrode was 5 raM glucose, i.e., half of the maximum 
current was reached at 5 raM glucose. The response times, 

1. e., the rise of the current from 10 to 90% of the maximum 
go current, were less than one minute. The sensitivity of the 

electrode was 0.8 nA/mM glucose. 
We claim: 

1. An electrochemical hydrogen peroxide sensor compris- 
es an electrode; and 

a thermostable peroxidase immobilized on and electri- 
cally connected to the electrode; 
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the sensor being capable of operation at 37°C. with less 
than 2% loss of sensitivity per hour of continuous 

2. The hydrogen peroxide sensor of claim 1, wherein the 
thermostable peroxidase is soybean peroxidase. 5 

3. The hydrogen peroxide sensor of claim 1, further 
comprising a redox polymer disposed on the electrode and 
coupled to the thermostable peroxidase. 

4. Tlie hydrogen peroxide sensor of claim 3, wherein the 
thermostable peroxidase is crosslinked to the redox polymer. lO 

5. The hydrogen peroxide sensor of claim 3, wherein the 
redox polymer comprises an osmium cation. 

6. The hydrogen peroxide sensor of claim 5, wherein the 
osmium cations are coordinatively bound to the redox 
polymer. 15 

7. The thermostable perojddase of claim 1, wherein the 
peroxidase is non-leachable. 

8. The hydrogen peroxide sensor of claim 1, further 
comprising a biocompatible layer disposed over the ther- 
mostable peroxidase and the electrode. 20 

9. The hydrogen peroxide sensor of claim 1, further 
comprising a second enzyme capable of catalyzing the 
production of hydrogen peroxide in the presence of an 

10. The hydrogen peroxide .seasor of claim 9, wherein the 2fi 
second enzyme is disposed on the electrode but electrically 
insulated from the electrode. 

11. ITie hydrogen peroxide sensor of claim 9, wherein the 
second enzyme is insulated from the electrode by the 
intrinsic protein structure of the second enzyme. 30 

12. 'Ths hydrogen peroxide sensor of claim 9, wherein the 
second enzyme is insulated from the electrode by a hydro- 
gen peroxide-permeable membrane or polymer. 



13. The hydrogen peroxide sensor of claim 1, wherein the 
sensor is capable of operation at .50° C. with less than .5% 
loss of sensitivity per hour of continuous operation. 

14. The hydrogen peroxide sensor of claim 13, wherein 
the sensor is capable of operation at 50° C, with less than 2% 
loss of sensitivity per hour of continuous operation. 

15. The hydrogen peroxide sensor of claim 1, wherein the 
sensor is adapted for in vivo use. 

16. The hydrogen peroxide sensor of claim 1, wherein the 
sensor is capable of operation at 37° C. for five days wdth 
less than 10% loss of sen.sitivity. 

17. The hydrogen peroxide sensor of claim 1, wherein the 
sensor is capable of operation at 37° C. with less than 2% 
loss of sensitivity per hour of continuous operation with 

18. The hydrogen peroxide sensor of claim 1, wherein the 
sensor is adapted for subcutaneous implantation. 

19. An electrochemical hydrogen peroxide sensor com- 
prising: 

an electrode; and 

a thermostable peroxidase immobilized on and electri- 
cally coupled to the electrode; 

wherein, in the presence of hydrogen peroxide, the ther- 
mostable peroxidase generates an electric signal. 

20. An electrochemical sensor comprising: 
an electrode; 

a thermostable peroxidase disposed on the electrode; and 
a redox polymer disposed on the electrode configured and 
arranged to couple the peroxidase to the electrode. 



